In this work, the effects of solute Fe, Zn, and Mg on the suppression of recrystallization in Al are studied. The materials are Al-22.2 atomic parts per million (at ppm) Fe, Al-53.6 at ppm Fe, Al-0.1 at% Mg, Al-1.1 at% Mg, Al-0.1 at% Zn, and Al-3.0 at% Zn. All were synthesized using high-purity starting materials. The amount of impurities other than the additional elements is less than a few ppm. The variation in the Vickers hardness with annealing time after isothermal annealing treatments at various temperatures is measured. The results of the isothermal annealing treatments are discussed in terms of the JohnsonMehlAvramiKolmogorov (JMAK) equation. The effect of the suppression of recrystallization per concentration unit is highest for Fe, less so for Mg, and least for Zn. The values of the apparent activation energy for recrystallization are calculated as: 139, 146, 63, 66, 47.7, and 67 kJ/mol for Al-22.2 at ppm Fe, Al-53.6 at ppm Fe, Al-0.1 at% Mg, Al-1.1 at% Mg, Al-0.1 at% Zn, and Al-3.0 at% Zn, respectively. The values of the apparent activation energy for recrystallization are close to the values of the activation energy for grain boundary diffusion in the same alloy systems.
Introduction
In Al alloys, the microstructure after annealing is determined by the recrystallization process. Control of texture is vital for successful cold forming, a particularly important example being the deep drawing of Al alloys to produce beverage cans. 1) In particular, for non-heat-treatable alloys, which account for most rolled aluminum material, the control of recrystallization conditions is the most important means for controlling the mechanical properties. 2) Recrystallization in Al alloys has been studied by numerous researchers.
124) It is well known that the recrystallization behavior is affected by solute atoms, precipitates, and impurity atoms. 1220) For example, recrystallization in Al alloys is significantly suppressed by adding a small amount of Zr.
1618) Large precipitates more than 1 µm in size promote recrystallization by acting as nucleation sites. 19, 20) In contrast, fine precipitates about 0.1 µm in size suppress recrystallization by preventing movement of the recrystallization grain boundaries. 19, 20) Previous studies have also shown the relationship between the apparent activation energy for recrystallization in Al alloys and the activation energy for impurity lattice diffusion in Al. In an Al-0.05 mass% Si alloy, 21) investigators obtained the apparent activation energy for recrystallization by measuring grain boundary mobility using scanning electron microscope (SEM) images. They found a value of 147 kJ/mol, which is within the range of 125154 kJ/mol 22) that was found for the impurity lattice diffusion of silicon in Al. In this Al-0.05 mass% Si alloy, the primary impurity was 0.001 mass% Fe, and other impurities were not more than 0.001%. In an Al-7.6 at% Mg alloy, 23) the apparent activation energy for recrystallization was measured using differential scanning calorimetry (DSC), and the value found, 189195 kJ/mol, was considerably higher than the activation energy values for the Al-Mg systems available in the literature. One of the reasons for this difference is that in that experiment the alloy contained many impurities, such as 0.12 mass% Fe. In another report, impurity levels of about tens of atomic parts per million (at ppm) caused a change in the recrystallization temperature of more than 100 K in high-purity Al. 24) Thus, it is necessary to use high-purity Al to accurately investigate the influence of additional elements on the recrystallization temperature. However, in the literature there are very few investigations on recrystallization in which high-purity Al (99.999%) was used.
This study aimed to compare the effects of different solute atoms in Al alloys on the suppression of recrystallization. In this work, Fe, Zn, and Mg, which are typical added or impurity elements in aluminum, were chosen as the solute elements. It is important to note that the material used in this work was carefully manufactured so that the levels of impurities are on the order of a few at ppm. Furthermore, we investigated whether the measured apparent activation energy for recrystallization corresponds to the activation energy for impurity lattice diffusion in Al.
Experimental Procedures
The materials used in the present investigation were Al-22.2 at ppm Fe, Al-53.6 at ppm Fe, Al-0.1 at% Mg, Al-1.1 at% Mg, Al-0.1 at% Zn, and Al-3.0 at% Zn. Castings of these materials (slabs of 50 mm © 150 mm © 200 mm) were prepared by Showa Denko K.K. Table 1 shows the analyzed chemical compositions of the samples. The amount of impurities other than the intentionally added elements is less than a few at ppm. As-cast Al-Fe, Al-Mg, and Al-Zn alloys were subjected to solution treatment in air at 913 K for 4 h, at 723 K for 8 h, and at 654 K for 8 h, respectively, followed by ice-water quenching. Samples were ramped up to the solution treatment temperature over a period of 12 h. Electrical resistivity measurements, made using the eddy-current technique, 25) were utilized to investigate the degree of Fe, Mg, and Zn solubility in the alloys. The results confirmed that all alloys were pure solutions without precipitation. Then, the solid-solution samples were subjected to cold rolling, with an 80% rolling reduction. It has been reported that Al with purity greater than 99.999% begins to recrystallize at room temperature, 24) so after rolling, samples were immediately stored in a freezer at 253 K. Isothermal annealing treatments in an oil and salt bath from 293 to 773 K were given to all samples. These treatments were followed by ice-water quenching. Then the change in the Vickers hardness, associated with recrystallization, was measured under a load of 100 g for a period of 10 s. Fig. 7(b) , the recrystallization occurred after annealing for only two seconds, although the Vickers hardness after two seconds hardly decreased. Subsequently, the Vickers hardness decreased significantly, according to the fraction of recrystallized grain. The reduction in hardness was not primarily caused by the recovery, during which the high angle grain boundaries do not migrate.
Results and Discussion
The softening fraction, X V , was obtained using the following equation:
where H max , H min , and H t are the hardness values for asdeformed materials subjected to cold rolling with an 80% rolling reduction, the fully annealed materials, and sample materials annealed for time t, respectively. 
where the exponent n is called the JMAK exponent, and k is a material constant which depends on the alloy composition. The JMAK theory has been used extensively for the interpretation of recrystallization experiments, and for inferring recrystallization mechanisms from the results of such experiments. The importance of the JMAK theory results from its universality and its applicability to any material such as Al, 23, 26) Ge-Sb, 30) steel, 3133) Ti-Nb, 34) Mg, 35) Si-C-N, 36) In 4 Sn 3 O 12 , 37) and Cu. 38) Figures 813 show the JMAK plots obtained from the results in Figs. 16, respectively . The values of X V as extracted from the data are plotted as ln{¹ln(1 ¹ X V )} versus ln t. The JMAK plots were approximated by a straight line over the range of annealing times investigated. Then, JMAK exponents, n, were calculated from the slope of the approximated line in Figs. 813.
The JMAK exponent has been discussed based on several classical considerations under the assumption that the nucleation sites are almost randomly, and thus homogeneously, distributed in the whole volume of the deformed structure. 35) In the case of continuous nucleation, the value of n during the initial transformation is 4, regardless of the nucleation site. The value of n during the late stage of the transformation varies from 1 to 4 depending on whether the nucleation sites are grain boundary surfaces (n = 1), grain boundary edges (n = 2), or grain boundary corners (n = 3), or are homogeneous distributed (n = 4). In the case of site saturation, the value of n during the initial stage of transformation is 3, regardless of the nucleation site. During the late stage of the transformation the value of n varies from 1 to 3 depending on whether the nucleation is at grain boundary surfaces (n = 1), grain boundary edges (n = 2), grain boundary corners (n = 3), or at homogeneously distributed sites (n = 3). 1) In this work, the values of n were determined to be in the range of 1.60 to 2.28. They are shown in Table 2 . The mechanism of nucleation does not depend on the alloy composition. The values of n are close to 2, so the nucleation sites in these experiments are grain boundary edges.
The value of n in Figs. 813 can be approximated as 2, so the values of k were determined as the exponential of the intercept of the extrapolation line approximated by n = 2.
If the fraction of recrystallization is specified as a constant value expressed in terms of X 0 , the time required for X 0 , t R , is represented as follows. 1, 35) 
where A is an experimental constant, Q R is the apparent activation energy for the recrystallization, R is the universal gas constant, and T is the annealing temperature in Kelvin. X 0 is represented as follows, from eq. (2):
Then, an equation of the kinetics of the recrystallization at a constant X 0 is obtained by substituting the expression for t R into eq. (4):
where AA is constant of value ¹A ¹n ln(1 ¹ X 0 ). The Arrhenius plots of k as a function of the inverse of the annealing temperature are presented in Fig. 14 . At the same value of the annealing temperature, a lower value of k indicates more suppression of the recrystallization. Figure 14 
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indicates that recrystallization is suppressed with an increase in the concentration of each of the three added elements: Fe, Mg, and Zn, in these three alloy systems. The effect of the suppression of recrystallization per concentration unit is greatest for Fe, less so for Mn, and least for Zn. This is a remarkable result, because the addition of only 0.002 at% Fe (22.2 at ppm Fe) suppresses the recrystallization of Al more than the addition of 1.1 at% Mg or 3.0 at% Zn. Following eq. (5), k can be described using the expression:
The data in the Arrhenius plots of Fig. 14 can be fitted with straight lines, and the value of ¹nQ R /R for each alloy is given by the slopes of these lines. We calculated the following values of Q R at n = 2: 139, 146, 63, 66, 47.7, and 67 kJ/mol for Al-22.2 at ppm Fe, Al-53.6 at ppm Fe, Al-0.1 at% Mg, Al-1.1 at% Mg, Al-0.1 at% Zn, and Al-3.0 at% Zn, respectively. The values of Q R are also shown in Table 2 .
Regardless of the concentration of the additional element, the values of Q R remain close in a given alloy system. Figure 15 shows the relationship between the apparent activation energy for recrystallization, Q R , and the activation energy for impurity lattice diffusion in Al, Q i . In this figure, the vertical error bars represent the difference between the values for Q R found for the two different compositions studied for each of the three alloy systems. The ratecontrolling process for recrystallization is not consistent with impurity lattice diffusion because the values of Q i are much higher than those for Q R . The values of Q R and Q i /2 are close in each alloy system. Unfortunately, there are no known published reports of the activation energy for the impurity grain boundary diffusion of Fe, Mg, and Zn in Al, Q gb . However, for the face-centered cubic (FCC) metals, it is empirically known that the value of Q gb is about half the value of Q i . 39) These data indicate that in Al alloys, the values of Q R are close to the values of Q gb in the same alloy system.
At present, the physical meaning of the agreement between Q R and Q gb is not clear. Further research is required to obtain the precise experimental or theoretical data of Q gb and apparent activation energy for recrystallization in other Al alloys. Additionally, not only Q R but also the experimental constant, A, may provide additional scientific understanding of the recrystallization in Al alloys.
Conclusions
The effects of solute Fe, Zn, and Mg in Al alloys on suppression of recrystallization were studied. The major results obtained are as follows:
(1) For the three solute elements investigated, the effect of the suppression of recrystallization per concentration unit is greatest for Fe, less so for Mn, and least for Zn. (2) The value of the apparent activation energy for recrystallization is calculated as 139, 146, 63, 66, 47.7, and 67 kJ/mol for Al-22.2 at ppm Fe, Al-53.6 at ppm Fe, Al-0.1 at% Mg, Al-1.1 at% Mg, Al-0.1 at% Zn, and Al-3.0 at% Zn, respectively. (3) In Al alloys, the value of the apparent activation energy for recrystallization is close to the value of the activation energy for grain boundary diffusion in the same alloy system.
